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Histone acetylation and methylation are epigenetic modifications that are dynamically regulated by chromatin modifiers to precisely regulate gene expression. However, the interplay by which histone modifications are synchronized to coordinate cellular differentiation is not fully understood. In this study, we demonstrate a relationship between BRD4, a reader of acetylation marks, and G9a, a writer of methylation marks in the regulation of myogenic differentiation. Using loss- and gain-of-function studies, as well as a pharmacological inhibition of its activity, we examined the mechanism by which BRD4 regulates myogenesis. Transcriptomic analysis using RNA sequencing revealed that a number of myogenic differentiation genes are downregulated in Brd4-depleted cells. Interestingly, some of these genes were upregulated upon G9a knockdown, indicating that BRD4 and G9a play opposing roles in the control of myogenic gene expression. Remarkably, the differentiation defect caused by Brd4 knockdown was rescued by inhibition of G9a methyltransferase activity. These findings demonstrate that the absence of BRD4 results in the upregulation of G9a activity and consequently impaired myogenic differentiation. Collectively, our study identifies an interdependence between BRD4 and G9a for the precise control of transcriptional outputs to regulate myogenesis.
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INTRODUCTION
Skeletal myogenesis is precisely controlled by the myogenic regulatory factors (MRFs) Myf5, MyoD, and Myogenin (MyoG) and Mrf4 that are involved in various steps of proliferation and differentiation of muscle precursor cells (Sartorelli and Caretti, 2005; Bentzinger et al., 2012). In addition, multiple epigenetic modifiers also play important roles in regulating myogenesis (Saccone and Puri, 2010). Histone deacetylases (HDACs) and lysine methyltransferases (KMTs) mediate muscle gene repression, while acetyltransferases (KATs) promote muscle gene transcription and thus facilitate muscle differentiation (Saccone and Puri, 2010; Bharathy et al., 2013; Robinson and Dilworth, 2018; Karthik and Taneja, 2021). In myoblasts, several KMTs, such as Suv39h1 and G9a/GLP, mediate histone H3 lysine nine methylation (H3K9me), and Ezh2, which leads to histone H3 lysine 27 trimethylation (H3K27me3), represses differentiation genes (Zhang et al., 2002; Caretti et al., 2004; Mal, 2006; Ling et al., 2012; Ohno et al., 2013; Battisti et al., 2016; Choi et al., 2018). These KMTs are expressed in myoblasts and their downregulation is associated with activation of muscle gene expression and differentiation of satellite-cell derived myoblasts. In addition to histone modifications, nonhistone proteins such as MyoD and myocyte enhancer factor 2 D (MEF2D) are methylated by G9a resulting in repression of myogenesis (Ling et al., 2012; Choi et al., 2014; Jung et al., 2015). The KMT, Suv4-20h1 adds the H4K20me2 mark at the MyoD1 promoter and induces heterochromatin formation resulting in decreased MyoD1 expression in early activated muscle stem cells (Boonsanay et al., 2016). In addition, HDACs are also involved in the suppression of muscle differentiation in multiple ways, including deacetylation of histones or by direct interaction with transcription factors (Sincennes et al., 2016).
Upon induction of differentiation, HATs p300 and p300/CBP associated factor (P/CAF) activate MyoD, resulting in the transcriptional activation of myogenic genes via loci-specific histone acetylation mainly on H4K8 and H3K9 (Puri et al., 1997; Polesskaya et al., 2001; Roth et al., 2003; Khilji et al., 2018). p300 and P/CAF have also been shown to acetylate retinoblastoma tumor-suppressor protein (pRb) to mediate myogenesis (Nguyen et al., 2004). Arginine methyl transferases PRMT5 and CARM1, ATPase-dependent SWI/SNF chromatin-remodelling complexes and the MLL complex containing Ash2L interact with MRFs and MEF2 protein to initiate transcription of the target genes (Saccone and Puri, 2010).
Bromodomain-containing protein 4 (BRD4) belongs to the bromodomain and extraterminal domain (BET) family and contains two conserved N-terminal bromodomains (BD1 and BD2) and one extraterminal (ET) domain (Wu and Chiang, 2007). It was originally found to be associated with chromatin during mitosis and affect the G2/M transition (Dey et al., 2000) and later shown to enhance transcription via interaction with positive transcription elongation factor b (P-TEFb) to activate RNA Polymerase II (Pol II) (Jang et al., 2005; Yang et al., 2005). In addition, BRD4 is involved in transcriptional regulation via direct phosphorylation of Pol II, interaction with histone modifiers (such as Nsd3) or transcription factors (such as p53) (Wu et al., 2013; Shi and Vakoc, 2014). BRD4 also has intrinsic HAT activity. BRD4 mediates acetylation of the H3K122 residue, which leads to nucleosome eviction and thereby chromatin decompaction (Devaiah et al., 2016). BRD4 has been implicated both in physiological and pathological conditions (Di Micco et al., 2014; Liu et al., 2014; Korb et al., 2015; Wu et al., 2015; Kim et al., 2020; Lin et al., 2022; Paradise et al., 2022). In both human and mouse embryonic stem cells (ESCs), BRD4 positively regulates the expression of genes that are required for sustaining ESC identity (Di Micco et al., 2014; Liu et al., 2014; Wu et al., 2015). BRD4 has also been shown to be essential for hematopoietic stem cell development, cardiac function and neuronal function (Korb et al., 2015; Dey et al., 2019; Kannan-Sundhari et al., 2020; Kim et al., 2020). In addition, BRD4 is involved in inflammation by binding to acetylated NF-kB (Huang et al., 2009; Brown et al., 2014). In muscle cells, BRD4 is recruited by SMYD3 and involved in the regulation of myostatin and c-Met genes which mediate muscle atrophy (Proserpio et al., 2013). Consistently, inhibition of BRD4 prevents muscle damage both in Duchenne muscular dystrophy and cancer cachexia models (Segatto et al., 2017; Segatto et al., 2020). BRD4 has also been reported to regulate chondrocyte differentiation and endochondral ossification (Paradise et al., 2022), and plays a crucial role in myogenesis and adipogenesis (Lee et al., 2017; Roberts et al., 2017). However, the mechanisms by which BRD4 crosstalks with other chromatin modifiers to regulate myogenesis have not been elucidated.
In this study, we found that Brd4 knockdown or pharmacological inhibition of its activity reduced cellular proliferation and skeletal muscle differentiation. RNA sequencing (RNA-seq) analysis of Brd4 knockdown cells showed that it is strongly linked to muscle differentiation and structure. Since BRD4 promotes myogenesis, while the lysine methyltransferase G9a represses myogenesis, we examined the relationship between them by overlapping BRD4-regulated genes with G9a-regulated genes. Several genes important for myogenic differentiation such as Myog and Myh1, which were downregulated upon Brd4 knockdown were upregulated by depletion of G9a. Consistently, upon induction of differentiation, BRD4 enrichment was increased on muscle differentiation genes such as Myog and Myh1, whereas G9a occupancy was reduced. Moreover, the block of myogenesis in siBrd4 cells was rescued by inhibition of G9a activity with UNC0642, demonstrating that BRD4 promotes myogenesis by inhibiting G9a. Consistent with these findings, treatment with UNC0642 led to an enrichment of the H3K9ac mark and BRD4 occupancy and a decrease in the H3K9me2 mark at the Myog promoter. Conversely, treatment with JQ1, which inhibits BRD4 activity, led to a decrease in H3K9ac and BRD4 occupancy and an increase in G9a and H3K9me2 marks at the Myog promoter. Altogether, the data suggest that the loss of myogenic differentiation in the absence of BRD4 is due to enhanced G9a activity and crosstalk between these two chromatin modifiers to regulate muscle differentiation.
MATERIALS AND METHODS
Cell culture, differentiation and proliferation assays
C2C12 cells were cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM, Sigma Aldrich) supplemented with 20% fetal bovine serum (FBS, HyClone). Primary mouse myoblasts were isolated as described previously (Sun et al., 2007). Cells were cultured in F-10 medium supplemented with 20% FBS and 5 ng/ml basic fibroblast growth factor (bFGF, Thermo Fisher Scientific) and plated on collagen-coated dishes. Phoenix cells were cultured in high glucose DMEM supplemented with 10% FBS. For differentiation, C2C12 cells or primary mouse myoblasts at 80%–90% confluency were cultured in differentiation medium (either in DMEM or F-10 medium) supplemented with 2% horse serum (Thermo Fisher Scientific). Differentiation was assessed by immunofluorescence as described previously (Ling et al., 2012). Briefly, cells cultured on sterile cover slips placed in 35 mm dishes were fixed with 4% paraformaldehyde for 15 min at room temperature, permeabilized and blocked using 10% horse serum in PBS containing 0.1% Triton X-100 for 45 min. Cells were then incubated with anti-MHC antibody (M4276, Sigma, 1:200 dilution) in blocking solution (PBS with 10% horse serum) for 1 h (hr) followed by secondary antibody tagged with fluorophore (Invitrogen). The cells were mounted using mounting agent (Vectashield) with DAPI. The images were captured by an Olympus (DP72) microscope. The myogenic index was calculated by quantifying the ratio of nuclei in myosin heavy chain-positive myotubes (more than three nuclei) to the total nuclei. More than 1,000 nuclei from five different fields were counted. Proliferation was measured by BrdU incorporation assays (Azmi et al., 2004). Briefly, cells were pulsed with 10 µM BrdU for 30 min and then fixed and stained with anti-BrdU antibody according to the manufacturer’s protocol (Sigma).
Quantitative RT-PCR
Total RNA was extracted using TRIzol (Invitrogen), and complementary DNA (cDNA) was synthesized using an iScript cDNA Synthesis Kit (Bio-Rad). qRT-PCR was performed using a Lightcycler 480 SYBR Green one Master Kit (Bio-Rad). Primer sequences for Myog (Ling et al., 2012), Myh1 (Choi et al., 2018), Cyclin D1 and Gapdh (Wang et al., 2012) have been described previously. Primers for Brd4 were as follows: forward (Fw) 5′-CCA​TGG​ACA​TGA​GCA​CAA​TC-3′ and Brd4 reverse (Rv) 5′-TGG​AGA​ACA​TCA​ATC​GGA​CA-3’; Dhrs7C (Fw) 5′-CCC​TGG​AGC​TTG​ACA​AAA​AGA-3′ and (Rv) 5′-GTT​CAC​TAA​CAC​AAT​CTG​GCC​T-3′.
siRNA knockdown, plasmids, and retroviral infection
Cells were transfected with scrambled siRNA (Dharmacon, ONTARGETplus, Non-Targeting Pool) or Brd4 siRNA (SC, sc141740) using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s instructions. After 48 h, cells were collected for analysis at Day 0 (D0) or shifted to differentiation medium. The pBabe-Brd4 plasmid was generated by inserting Brd4 PCR products into the pBabe plasmid. To generate stable cell lines, retroviral infection of pBabe, pBabe-G9a or pBabe-Brd4 was performed as described previously (Rao et al., 2016). Briefly, plasmids were first transfected into Phoenix cells using CaCl2, and the virus was then collected after 48 and 72 h C2C12 cells were then infected with the virus for 24 h and subjected to puromycin selection.
Immunoblotting
Protein lysates for western blotting were harvested in Laemmli lysis buffer (62.5 mM Tris-HCl, pH 6.8, 20% glycerol, 2% SDS, 2 mM DTT) with proteinase inhibitor freshly added. The following primary antibodies were used for immunoblotting: anti-BRD4 (Bethyl, A301-985-50, dilution 1:5,000), anti-Myogenin (Santa Cruz Biotechnology, sc-576, dilution 1; 500), anti-Troponin-T (Sigma, T6277, dilution 1:2000), anti-β-actin (Sigma, A1978, dilution 1: 10,000), anti-G9a (Cell Signaling, 3306S, dilution 1: 300), anti-H3K9ac (Abcam, ab4441, dilution 1:1,000), and normal rabbit IgG (Santa Cruz Biotech, sc-2027).
Immunostaining of mouse embryo sections
Sagittal paraffin sections of mouse embryos (Zymagen MP-104-008) at different stages of development (E12, E14, and E16 days) were analysed by IHC using an anti-BRD4 antibody (Bethyl, dilution 1:2000). Sections were incubated overnight at 4°C with anti-BRD4 antibody using Dako REAL EnVision-HRP, Rabbit-Mouse kit (Dako, Denmark). A negative control was performed using secondary antibody only. The sections were then counterstained with hematoxylin (Sigma-Aldrich). After dehydration, slides were mounted with DPX (Sigma-Aldrich) and imaged using an Olympus slide scanner (Olympus, Tokyo, Japan). Thereafter, an Aperio image scope viewer (Aperio, Vista, CA) was used to photograph the section.
Chromatin immunoprecipitation
ChIP assays were performed as described previously (Ling et al., 2012). Briefly, 106 cells were fixed in 1% formaldehyde for 10 min at 37°C and then collected and lysed in 1% SDS lysis buffer. Cells were sonicated using Bioruptor plus (Diagenode, Liege, Belgium). ChIP assays were performed according to the kit protocol (Millipore). Immunoprecipitates were reverse crosslinked, and DNA was extracted using phenol–chloroform–isoamyl alcohol (Sigma). qPCR was carried out in triplicate, and DNA isolated from 10% input was used as a control. The antibodies used for ChIP assays were as follows: anti-BRD4 (Bethly, A301-985-50), anti-G9a (ab40542), anti-H3K9ac (ab4441) and anti-H3K9me2 (ab1220) were from Abcam. Primers used for ChIP assays: Myogenin promoter (Fw): 5′-TGG​CTA​TAT​TTA​TCT​CTG​GGT​TCA​TG-3′ and (Rv): 5′-GCT​CCC​GCA​GCC​CCT-3’; Myh1 promoter (Fw): 5′- CACCCAAGCCGG GAGAAACAGCC-3′ and (Rv): 5′-GAGGAAGGACAGGACA GAGGCACC-3’; CyclinD1Ebox (Fw): 5′-GAG​AGC​TTA​GGG​CTC​GTC​TG-3′ and CyclinD1Ebox (Rv): 5′-TGG​GTG​CGT​TTC​CGA​GTA​C-3’.
RNA-seq and data analysis
RNA-seq was performed with three biological replicates of scramble control and siBrd4 cells. 48 h after siRNA transfection, RNA was isolated from cells in growth medium (day 0) and after 1 day in differentiation medium (day 1). RNA was cleaned using an RNeasy MiniElute Cleanup Kit (Qiagen), and RNA quality was checked using a Bioanalyzer (Agilent Technologies). A TruSeq Stranded mRNA kit (Illumina) was used for construction of the mRNA library. The samples were sequenced on a NextSeq high output of a single read (1 × 76 bp). The analysis was performed as described previously (Tabaglio et al., 2018). At least 70 million 76-bp-long single-end reads were mapped to the mm9 version of the mouse genome per replicate using STAR 2.4.2a (Dobin et al., 2013) and differential expression analysis was performed using Cuffdiff 2.2.1 (Trapnell et al., 2012). Gene enrichment was performed using Metascape (Zhou et al., 2019) and GSEA (Subramanian et al., 2005). The Brd4 RNA-seq data have been deposited in GEO under the accession number GSE141777. The G9a microarray data are available as GSE70039.
Statistical analysis
Significance between two samples was calculated using two-tailed t test. Significance of more than three samples was calculated by one-way ANOVA with Tukey’s multiple comparisons test and multiple groups of two factors were compared by two-way ANOVA with Sidak’s multiple comparisons test using GraphPad Prism 8. p values of <0.05 were considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Error bars represent the mean ± standard deviation (SD) of at least three independent experiments.
RESULTS
Bromodomain-containing protein 4 expression declines during muscle differentiation
We first analysed BRD4 expression in C2C12 cells during myogenesis. Brd4 mRNA levels slowly decreased during differentiation from day 0 to day 3 (Figure 1A). Consistently, the protein also declined upon differentiation and was inversely correlated with two well established differentiation markers, MyoG, which marks early differentiation, and TroponinT (TnT), which marks late differentiation (Figure 1B). A similar pattern was seen in primary myoblasts (Figure 1C). To further check its expression during embryonic development, we performed immunohistochemical staining on mouse embryo sections at E12, E14, and E16 using an anti-BRD4 antibody. BRD4 was prominently expressed in the developing muscles of the diaphragm, limb and tongue (Figure 1D).
[image: Figure 1]FIGURE 1 | Brd4 expression during myogenesis. (A) Brd4 expression was analysed during myogenic differentiation of C2C12 cells. RNA isolated from undifferentiated cells (D0) and upon induction of differentiation (D1 and D3, respectively) was analysed by qRT-PCR, n = 6 independent experiments. (B) The expression of BRD4 and the myogenic differentiation markers MyoG and TnT was analysed by western blotting at D0, D1 and D3. β-actin was used as an internal control. BRD4 protein level from four independent experiments were analysed (normalized to β-actin and the relative protein level compared to D0) (C) Brd4, MyoG and Myh1 expression was analysed in undifferentiated (D0) and differentiating (D1 and D3) primary mouse myoblasts by qRT-PCR. The data are the average from four independent experiments. (D) BRD4 IHC using sagittal sections from mouse embryos at E12, E14, and E16. Arrows indicate BRD4 staining. The negative control shows a section that was stained with secondary antibody only. Error bars indicate the mean ± SD. (**p < 0.01, ***p < 0.001, ***p < 0.0001, N.S. > 0.5, one way ANOVA with Tukey’s multiple comparisons test).
Loss or inhibition of bromodomain-containing protein 4 reduces muscle cell proliferation and differentiation
Since BRD4 is involved in cell cycle arrest (Yang et al., 2008), we examined its impact on the proliferation of myogenic cells using a BrdU incorporation assay that allows for the visualization of cells in the S-phase. Cells were transfected with small interfering RNA targeting Brd4 (siBrd4) or with scrambled siRNA as a control (siCtrl). The knockdown efficiency of Brd4 was confirmed by western blot (Figure 2A). Loss of BRD4 reduced BrdU incorporation compared to scrambled controls (Figure 2B). To validate these results, we inhibited BRD4 activity with the chemical inhibitor JQ1 (Filippakopoulos et al., 2010; Devaiah et al., 2016). Similar to the knockdown of Brd4, there was a significant reduction in BrdU-positive cells in JQ1-treated cells (Figure 2C). Consistently, knockdown of Brd4 also reduced proliferation in primary mouse myoblasts (Supplementary Figures S1A,B).
[image: Figure 2]FIGURE 2 | BRD4 loss reduces myoblast proliferation and myogenic differentiation. (A) C2C12 cells were transfected with either control siRNA (siCtrl) or Brd4 siRNA (siBrd4) for 48 h. The siRNA-mediated Brd4 knockdown efficiency was checked by western blotting. (B) siCtrl and siBrd4 cells were pulsed with BrdU and stained with anti-BrdU antibody (green). Nuclei were stained with DAPI (blue). Scale bar, 100 µm. The percentage of BrdU+ cells quantified by counting at least 1,000 cells (n = 4). (C) C2C12 cells were treated with 50 nM JQ1 for 24 h, pulsed with BrdU, and stained with an anti-BrdU antibody. Scale bar, 100 µm. The percentage of BrdU+ cells was quantified by counting at least 1,000 cells (n = 4). (D) siCtrl and siBrd4 cells were subjected to differentiation assays for 2 days and stained with MHC antibody (red) for detection of tube formation. Scale bar, 100 µm. Nuclei were stained with DAPI (blue). The bar graph shows the myogenic index that was quantified by the ratio of MHC+ cells to the total number of nuclei in the field. At least 1,000 nuclei from five fields of view were counted (n = 4). (E) C2C12 cells were pretreated with 50 nM JQ1 in growth medium and then differentiated with or without JQ1 for 2 days. Scale bar, 100 µm. MHC staining was performed and the myogenic index was quantified as described above (n = 4). (F) The mRNA levels of Myog and Myh1 at D0 and D2 were measured by qRT-PCR in siCtrl and siBrd4 cells (n = 3). (G) C2C12 cells were pretreated with 50 nM JQ1 in growth medium and then differentiated with or without JQ1 for 2 days. The mRNA levels of Myog and Myh1 were quantified by qRT-PCR (n = 3). (H) MyoG and TnT expression was determined by western blotting at D0, D1, and D2 in siCtrl and siBrd4 cells. β-actin was used as a loading control. To quantify the western blot signals, D2 MyoG and TnT expression at D2 were normalized to b-actin. The siCtrl (D2) was given a value of one and the relative expression in control and siBrd4 cells is shown in the bar graph. (I) C2C12 cells were treated as in (G), and MyoG and TnT protein levels at D2 were detected by western blot. The bar graph shows the relative protein level as quantified above (n = 3). Error bars indicate the mean ± SD. (*p < 0.05, **p < 0.01, ****p < 0.0001, two-tailed t test was performed for Figures 2B–E and Figures 2H,I, two-way ANOVA was performed for Figures 2F,G).
Next, to determine the effects on differentiation, control and siBrd4 cells were maintained in differentiation media for 2 days. Myotube formation was assessed using myosin heavy chain (MHC) immunofluorescence to visualize differentiated cells. The myogenic index assessed by the percentage of MHC+ cells was significantly reduced in cells with Brd4 knockdown (Figure 2D). Expectedly, a dramatic decrease in the myogenic index was also observed in JQ1-treated cells, demonstrating that BRD4 activity is required for myogenesis (Figure 2E). Consistent with the impairment of myogenic differentiation upon Brd4 depletion, the expression of Myog and Myh1 was reduced in Brd4 knockdown cells and JQ1-treated cells (Figures 2F,G). The protein levels of MyoG and TnT were also decreased in Brd4-knockdown cells and JQ1-treated cells (Figures 2H,I). Similar results on proliferation and differentiation were seen with stable knockdown of Brd4 (Supplementary Figures S2A–D) indicating that the effects seen with Brd4 siRNA were not due to off-target effects.
To further confirm that BRD4 is sufficient to enhance myogenesis, we performed transient BRD4 overexpression. Overexpression of BRD4 was confirmed by western blot (Supplementary Figures S2E). A higher number of MHC+ cells was apparent in BRD4-overexpressing cells along with elevated levels of MyoG and TnT (Supplementary Figures S2E–G).
Gene expression analysis in bromodomain-containing protein 4-depleted cells
To investigate the mechanisms underlying BRD4-mediated myogenesis, we performed RNA-seq of control and siBrd4 cells. RNA samples from proliferating myoblasts at day 0 (D0) and upon induction of differentiation (D1) were collected in triplicate. In total, 289 genes were found to be significantly upregulated and 723 genes were significantly downregulated in siBrd4 cells at D0, while 1,031 genes were found to be significantly upregulated and 1,393 genes were significantly downregulated at D1 (Figure 3A). Consistent with the role of BRD4 in activating transcription, a number of genes were downregulated in Brd4 knockdown cells. Additionally, genes that were upregulated upon differentiation (scramble D0 vs. scramble D1) were generally downregulated in Brd4 knockdown cells, while genes that were downregulated upon differentiation were upregulated in Brd4 knockdown cells, indicating that BRD4 may control those genes directly (Figure 3B). Gene ontology (GO) analysis further revealed that muscle structure development and muscle cell differentiation were the top regulated biological categories in Brd4 knockdown cells, suggesting that BRD4 plays important roles in myogenesis (Figure 3C). We also performed Gene Set Enrichment Analysis (GSEA) and found that muscle differentiation (myogenesis) and muscle-related functions (muscle contraction, T-tubule, constituent of muscle and sarcoplasm) were all downregulated in siBrd4 cells (Figure 3D), suggesting that BRD4 may directly activate myogenic gene expression.
[image: Figure 3]FIGURE 3 | Global gene expression analysis in Brd4 knockdown myoblasts. (A) RNA-seq analysis was performed with three biological replicates of siCtrl and siBrd4 C2C12 cells in proliferating (D0) and differentiating conditions (D1). Pie charts show the total number of significantly upregulated (red) and downregulated (green) genes in siBrd4 cells compared to scrambled control cells at D0 and D1. Differential gene expression was determined by comparing the mean of triplicates. (B) A heatmap was generated by listing significantly changed genes upon differentiation (D0 siCtrl vs. D1 siCtrl) and the changes in those genes upon knockdown of Brd4 at D1 and D0 as indicated. (C) Gene ontology (GO) analysis of all significantly altered genes revealed key biological categories and pathways associated with Brd4 knockdown in D0 and D1 cells. (D) Graphical representation of myogenesis and muscle-related pathways regulated by siBrd4 from Gene Set Enrichment analysis (GSEA) at D0 (upper panel) and D1 (lower panel) (siBrd4 compared to siCtrl, FDR q-value ≤ 0.05).
Bromodomain-containing protein 4 directly regulates myogenic genes
To validate the RNA-seq results, we performed qRT-PCR analysis of myogenic genes (Myog, Myh1, and Myh7) as well as Dhrs7c, which are involved in the regulation of myogenesis. Consistent with our earlier results, a significant reduction in myogenic genes was observed in siBrd4 cells, especially upon induction of differentiation at D1 (Figure 4A). Dehydrogenase/reductase member 7c (Dhrs7c), a member of the short-chain dehydrogenase/reductase (SDR) family, is required for the maintenance of intracellular Ca2+ homeostasis, and loss of Dhrs7c affects myotube morphology (Lu et al., 2012; Treves et al., 2012; Arai et al., 2017). Consistent with an earlier study (Arai et al., 2017), we found upregulation of Dhrs7c during differentiation (Figure 4A). Upon Brd4 knockdown, there was a dramatic decrease in Dhrs7c mRNA expression in D1 cells (Figure 4A). We also checked the genes in JQ1-treated cells. The mRNA levels of Myog, Myh1, and Myh7 as well as Dhrs7c were downregulated upon JQ1 treatment (Figure 4B). To test whether these are direct BRD4 targets, we treated cells with JQ1 and performed ChIP-PCR assays on the Myog promoter. An increase in BRD4 occupancy and H3K9ac activation marks was apparent at D1 relative to D0 (Figures 4C,D). In JQ1-treated cells, both BRD4 occupancy and H3K9ac enrichment were reduced, indicating that BRD4 directly regulates the expression of Myog (Figure 4D).
[image: Figure 4]FIGURE 4 | BRD4 regulates the expression of genes involved in myogenesis. (A,B) Validation of the Myog, Myh1, Myh7, and Dhrs7c expression in siCtrl and siBrd4 cells (A) and in JQ1 treated cells (B) via qRT-PCR (n = 3). (C) ChIP assays were performed with an anti-BRD4 antibody at the Myog and Myh1 promoters in proliferating (D0) and differentiating (D1) C2C12 cells. IgG antibody was used as the control (n = 3). (D) ChIP assays were performed with anti-BRD4 and anti-H3K9ac at the Myog promoter in D0 and D1 cells treated with or without JQ1 treatment. Error bars indicate the mean ± SD. (**p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA with Sidak’s multiple comparisons test).
Bromodomain-containing protein 4 function in myogenesis is antagonized by G9a
Our previous studies have shown that the lysine methyltransferase G9a inhibits myogenesis (Ling et al., 2012). Given the opposing effects of G9a and BRD4 during myogenesis, we examined whether BRD4 positively regulates myogenesis by inhibiting G9a. We therefore integrated the siBrd4 RNA-seq data with microarray data from G9a knockdown cells (Rao et al., 2016). Interestingly, 86 genes that were upregulated in siG9a cells were downregulated in siBrd4 cells (Figure 5A). GO analysis of the 86 genes via Metascape revealed that these were mainly involved in muscle system and muscle development (Figure 5B) (Zhou et al., 2019). We also checked the genes that were similarly regulated by G9a and BRD4. The 31 genes upregulated upon both G9a and BRD4 loss did not show any enrichment of muscle development terms. Although the 22 downregulated genes showed some enrichment of muscle contraction, it was not as strong as the inversely correlated 86 genes. All the above results suggested that G9a and BRD4 have opposing roles in the regulation of myogenic genes. We then performed G9a and BRD4 ChIP to determine their temporal occupancy at the Myog, Myh1, and Ccnd1 promoters. As shown in Figures 5C,D, an enrichment of G9a was seen on the Myog, Myh1, and Ccnd1 gene promoters compared to the IgG control at D0. G9a occupancy on the Myog and Myh1 promoters decreased, while the occupancy of BRD4 increased upon differentiation at D1 (Figures 4C, 5C), indicating that both G9a and BRD4 directly regulate myogenic genes. Interestingly, the occupancy of both enzymes on the Ccnd1 promoter decreased upon differentiation (Figure 5D).
[image: Figure 5]FIGURE 5 | BRD4 inhibits G9a to regulate myogenic differentiation. (A) Venn diagram showing the significantly upregulated (UP) and downregulated (DN) genes from the overlap of BRD4 knockdown RNA-Seq and G9a knockdown microarray analysis. (B) Gene Ontology (GO) analysis of genes that were downregulated in Brd4 knockdown cells and upregulated in G9a knockdown cells. (C) ChIP assays were performed with anti-G9a antibody at the Myog and Myh1 promoters in D0 and D1 cells. (D) ChIP assays were performed with anti-G9a and anti-BRD4 antibodies at the Ccnd1 promoter in D0 and D1 cells. (E) siCtrl or siBrd4 were treated with or without 500 nM UNC0642 for 24 h and collected for D0 or shifted to differentiation medium for 2 days with or without UNC0642. MHC staining was performed. Scale bar, 100 µm. The bar graph below shows the myogenic index (n = 5). (F) C2C12 cells were treated as in (E), and MyoG and TnT expression was analysed by western blotting. The signals for MyoG and TnT were normalized to β-actin and the relative expression in control and siBrd4 cells is presented in the bar graphs below (n = 3). (G) ChIP assays were performed with anti-BRD4 and anti-G9a antibodies at the Myog promoter in D0 and D1 cells treated with or without UNC0642. (H) ChIP assays were performed with anti-H3K9ac and anti-H3K9me2 antibodies at the Myog promoter in D0 and D1 cells treated with or without UNC0642. (I) ChIP assays were performed with anti-G9a and anti-H3K9me2 antibodies at the Myog promoter in D0 and D1 cells in the absence or presence of JQ1. (J) C2C12 cells were transfected with siCtrl, siBrd4 or siG9a for 48 h. BRD4 and G9a expression was analysed by western blotting (n = 3). The signals for BRD4 and G9a were normalized to β-actin and are quantified in the bar graph below. (K) C2C12 cells were transfected with either siCtrl or siBrd4 for 48 h G9a mRNA level was analysed by qRT-PCR (n = 3). (L) C2C12 cells were treated with either 500 nM UNC0642 or 50 nM JQ1. DMSO was added as a control. G9a and BRD4 expression was analysed by western blotting. The signals for BRD4 and G9a were normalized to β-actin and are quantified in the bar graph below (n = 3). Error bars indicate the mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Two-way ANOVA with Sidak’s multiple comparisons test).
We next tested whether G9a and BRD4 independently regulate the same genes or whether G9a is involved in BRD4-mediated myogenesis. To address this, we examined whether the differentiation block in siBrd4 cells is due to G9a by treating siBrd4 cells with the G9a inhibitor UNC0642. Interestingly, upon treatment with UNC0642, the differentiation defect caused by Brd4 knockdown was rescued as evidenced by MHC staining, the myogenic index and the expression of MyoG and TnT (Figures 5E,F). To further validate these results, we tested BRD4 occupancy at the Myog promoter in control and UNC0642-treated cells. BRD4 enrichment was dramatically increased in UNC0642-treated cells at D1 (Figure 5G). Correspondingly, an increase in H3K9ac and a decrease in H3K9me2 was observed, demonstrating that BRD4 function is negatively regulated by G9a (Figure 5H). To further test the antagonism between G9a and BRD4 occupancy at myogenic gene promoters, we treated cells with JQ1 and performed ChIP-PCR assays at the Myog promoter. In JQ1-treated cells, both BRD4 occupancy and H3K9ac enrichment were reduced (Figure 4D). In contrast, G9a enrichment and H3K9me2 marks were increased at both D0 and D1 upon inhibition of BRD4 (Figure 5I).
To examine the basis of antagonism between BRD4 and G9a, we tested whether they regulate each other’s expression. In siBrd4 and JQ1-treated cells, a modest, albeit significant increase in G9a was observed (Figures 5J,K). On the other hand, no significant change in BRD4 levels was observed in siG9a cells or UNC-treated cells (Figures 5J,L).
DISCUSSION
In this study, we provide evidence of an interplay between BRD4 and G9a that controls the expression of skeletal muscle differentiation genes. Several lines of evidence support crosstalk between BRD4 and G9a in myogenesis. First, an overlap of the transcriptomic data from BRD4-and G9a-depleted cells identified a subset of differentiation genes that are downregulated by loss of BRD4 and upregulated by loss of G9a. Second, upon induction of differentiation, endogenous BRD4 enrichment is increased, whereas G9a enrichment is reduced at these myogenic gene promoters. Third, treatment with the BRD4 inhibitor JQ1 resulted in increased G9a protein levels as well as occupancy of the G9a and H3K9me2 marks. Conversely, inhibition of G9a activity with UNC0642 enhances BRD4 occupancy and H3K9ac marks at myogenic promoters. Fourth, inhibition of G9a activity functionally rescued myogenic differentiation, demonstrating that BRD4 positively regulates skeletal myogenesis via suppression of G9a activity.
Histones are subject to various post-translational modifications. These modifications are dynamically controlled to allow the precise regulation of gene expression. Several studies have demonstrated crosstalk between histone PTMs such that one modification activates chromatin modifying complexes, and in turn, generates a different modification (Suganuma and Workman, 2008; Janssen and Lorincz, 2022). In addition, opposing epigenetic marks such as methylation and acetylation can be deposited on the same residue. For instance, H3K9 can be targeted for methylation and acetylation that have inverse outcomes resulting in gene repression or activation. Thus, one modification can act as a barrier for another presumably by antagonism between the effector enzymes.
Our findings are consistent with a previous report which showed that BRD4 promotes cell cycle progression as well as myogenic differentiation (Roberts et al., 2017). Interestingly, this study showed that the function of BRD4 in cell cycle progression is uncoupled from its role in differentiation. On the other hand, BRD3 was found to block differentiation indicating opposing roles of BRD3 and BRD4 in myogenesis. The mechanisms underlying the antagonism between BRD3 and BRD4 need further investigation. Our study expands on these findings by demonstrating that BRD4 promotes differentiation by suppressing G9a and unveil an interplay between BRD4 and G9a to fine tune the expression of myogenic genes. It is intriguing that both BRD4 and G9a are expressed in myoblasts, and both are downregulated during differentiation. They have a similar function in myoblast proliferation and promote cell cycle progression (Yang et al., 2008; Rao et al., 2016; Srinivasan et al., 2019). In myoblasts, knockdown or inhibition of BRD4 via JQ1 reduced proliferation, and Ccnd1 mRNA levels were decreased. Moreover, several reports have shown that BRD4 promotes cancer cell proliferation and that inhibition of BRD4 leads to cancer cell death (White et al., 2019; Tan et al., 2020). In the context of hematological and solid malignancies, BET inhibitors (BETis) are now considered as one of the most promising therapeutic strategies. Similarly, G9a enhances myoblast proliferation by enhancing E2F1 target gene expression and is upregulated in many cancers (Rao et al., 2016; Chae et al., 2019; Segovia et al., 2019; Pal et al., 2020; Souza et al., 2021). Nevertheless, BRD4 and G9a have opposing effects on myogenic differentiation, and elevated G9a protein level/activity appears to underlie the differentiation block of differentiation in Brd4-depleted cells. Our data demonstrate that G9a expression is modestly elevated in the absence of BRD4. It is plausible that additional mechanisms contribute to the antagonistic relationship. Previous studies have shown that BRD4 interacts with G9a (Wu et al., 2013). Moreover, BRD4 inhibits autophagy in human pancreatic ductal adenocarcinoma cells by associating with G9a (Sakamaki et al., 2017; Sakamaki and Ryan, 2017; Shi et al., 2021). As G9a levels decline during myogenic differentiation, H3K9me2 marks at myogenic gene promoters would be reduced (Ling et al., 2012), that allows KATs to deposit activating acetylation marks which are read by BRD4 to promote myogenesis. Despite its pro-myogenic role, BRD4 levels decline at late stages of differentiation. This finding is consistent with a previous report showing that BRD4 expression is decreased under growth inhibition conditions (Dey et al., 2000). Nevertheless, the expression pattern suggests that sustained BRD4 presence is not required for its pro-differentiation effects. It would be interesting to determine whether the crosstalk between BRD4 and G9a in myoblast proliferation and differentiation occurs through the formation of distinct protein complexes.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Gene Expression Omnibus accession number: GSE141777.
AUTHOR CONTRIBUTIONS
RT and NY were responsible for conceptualization and study design. DD performed the ChIP experiments, SS performed BRD4 overexpression experiments and NY performed the rest of the experiments. EG and P-AG performed bioinformatics analysis. NY and RT analysed and interpreted the data. RT, DD, and NY wrote the manuscript. RT supervised the study.
FUNDING
This work was supported by the Ministry of Education grant (MOE2019-T2-1-024).
ACKNOWLEDGMENTS
We thank Dr. Cheng-Ming Chiang for providing the pSuperior and shBRD4 plasmids and Dr. Hsin Yao Chiu, Dr. Min Hee Choi, Dr. Ananya Pal, and Ms. Eileen Chua Yu Xin for technical assistance of some experiments, and Dr. Guang Lu and Dr. Yin Shi for suggestions.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.978931/full#supplementary-material
REFERENCES
 Arai, S., Ikeda, M., Ide, T., Matsuo, Y., Fujino, T., Hirano, K., et al. (2017). Functional loss of DHRS7C induces intracellular Ca2+ overload and myotube enlargement in C2C12 cells via calpain activation. Am. J. Physiol. Cell Physiol. 312 (1), C29–C39. doi:10.1152/ajpcell.00090.2016
 Azmi, S., Ozog, A., and Taneja, R. (2004). Sharp-1/DEC2 inhibits skeletal muscle differentiation through repression of myogenic transcription factors. J. Biol. Chem. 279 (50), 52643–52652. doi:10.1074/jbc.M409188200
 Battisti, V., Pontis, J., Boyarchuk, E., Fritsch, L., Robin, P., Ait-Si-Ali, S., et al. (2016). Unexpected distinct roles of the related histone H3 lysine 9 methyltransferases G9a and g9a-like protein in myoblasts. J. Mol. Biol. 428 (11), 2329–2343. doi:10.1016/j.jmb.2016.03.029
 Bentzinger, C. F., Wang, Y. X., and Rudnicki, M. A. (2012). Building muscle: Molecular regulation of myogenesis. Cold Spring Harb. Perspect. Biol. 4 (2), a008342. doi:10.1101/cshperspect.a008342
 Bharathy, N., Ling, B. M., and Taneja, R. (2013). Epigenetic regulation of skeletal muscle development and differentiation. Subcell. Biochem. 61, 139–150. doi:10.1007/978-94-007-4525-4_7
 Boonsanay, V., Zhang, T., Georgieva, A., Kostin, S., Qi, H., Yuan, X., et al. (2016). Regulation of skeletal muscle stem cell quiescence by suv4-20h1-dependent facultative heterochromatin formation. Cell Stem Cell 18 (2), 229–242. doi:10.1016/j.stem.2015.11.002
 Brown, J. D., Lin, C. Y., Duan, Q., Griffin, G., Federation, A., Paranal, R. M., et al. (2014). NF-κB directs dynamic super enhancer formation in inflammation and atherogenesis. Mol. Cell 56 (2), 219–231. doi:10.1016/j.molcel.2014.08.024
 Caretti, G., Di Padova, M., Micales, B., Lyons, G. E., and Sartorelli, V. (2004). The Polycomb Ezh2 methyltransferase regulates muscle gene expression and skeletal muscle differentiation. Genes Dev. 18 (21), 2627–2638. doi:10.1101/gad.1241904
 Chae, Y. C., Kim, J. Y., Park, J. W., Kim, K. B., Oh, H., Lee, K. H., et al. (2019). FOXO1 degradation via G9a-mediated methylation promotes cell proliferation in colon cancer. Nucleic Acids Res. 47 (4), 1692–1705. doi:10.1093/nar/gky1230
 Choi, J., Jang, H., Kim, H., Lee, J. H., Kim, S. T., Cho, E. J., et al. (2014). Modulation of lysine methylation in myocyte enhancer factor 2 during skeletal muscle cell differentiation. Nucleic Acids Res. 42 (1), 224–234. doi:10.1093/nar/gkt873
 Choi, M. H., Palanichamy Kala, M., Ow, J. R., Rao, V. K., Suriyamurthy, S., and Taneja, R. (2018). GLP inhibits heterochromatin clustering and myogenic differentiation by repressing MeCP2. J. Mol. Cell Biol. 10 (2), 161–174. doi:10.1093/jmcb/mjx038
 Devaiah, B. N., Case-Borden, C., Gegonne, A., Hsu, C. H., Chen, Q., Meerzaman, D., et al. (2016). BRD4 is a histone acetyltransferase that evicts nucleosomes from chromatin. Nat. Struct. Mol. Biol. 23 (6), 540–548. doi:10.1038/nsmb.3228
 Dey, A., Ellenberg, J., Farina, A., Coleman, A. E., Maruyama, T., Sciortino, S., et al. (2000). A bromodomain protein, MCAP, associates with mitotic chromosomes and affects G(2)-to-M transition. Mol. Cell. Biol. 20 (17), 6537–6549. doi:10.1128/MCB.20.17.6537-6549.2000
 Dey, A., Yang, W., Gegonne, A., Nishiyama, A., Pan, R., Yagi, R., et al. (2019). BRD4 directs hematopoietic stem cell development and modulates macrophage inflammatory responses. EMBO J. 38 (7), e100293. doi:10.15252/embj.2018100293
 Di Micco, R., Fontanals-Cirera, B., Low, V., Ntziachristos, P., Yuen, S. K., Lovell, C. D., et al. (2014). Control of embryonic stem cell identity by BRD4-dependent transcriptional elongation of super-enhancer-associated pluripotency genes. Cell Rep. 9 (1), 234–247. doi:10.1016/j.celrep.2014.08.055
 Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013). Star: Ultrafast universal RNA-seq aligner. Bioinformatics 29 (1), 15–21. doi:10.1093/bioinformatics/bts635
 Filippakopoulos, P., Qi, J., Picaud, S., Shen, Y., Smith, W. B., Fedorov, O., et al. (2010). Selective inhibition of BET bromodomains. Nature 468 (7327), 1067–1073. doi:10.1038/nature09504
 Huang, B., Yang, X. D., Zhou, M. M., Ozato, K., and Chen, L. F. (2009). Brd4 coactivates transcriptional activation of NF-kappaB via specific binding to acetylated RelA. Mol. Cell. Biol. 29 (5), 1375–1387. doi:10.1128/MCB.01365-08
 Jang, M. K., Mochizuki, K., Zhou, M., Jeong, H. S., Brady, J. N., and Ozato, K. (2005). The bromodomain protein Brd4 is a positive regulatory component of P-TEFb and stimulates RNA polymerase II-dependent transcription. Mol. Cell 19 (4), 523–534. doi:10.1016/j.molcel.2005.06.027
 Janssen, S. M., and Lorincz, M. C. (2022). Interplay between chromatin marks in development and disease. Nat. Rev. Genet. 23 (3), 137–153. doi:10.1038/s41576-021-00416-x
 Jung, E. S., Sim, Y. J., Jeong, H. S., Kim, S. J., Yun, Y. J., Song, J. H., et al. (2015). Jmjd2C increases MyoD transcriptional activity through inhibiting G9a-dependent MyoD degradation. Biochim. Biophys. Acta 1849 (8), 1081–1094. doi:10.1016/j.bbagrm.2015.07.001
 Kannan-Sundhari, A., Abad, C., Maloof, M. E., Ayad, N. G., Young, J. I., Liu, X. Z., et al. (2020). Bromodomain protein BRD4 is essential for hair cell function and survival. Front. Cell Dev. Biol. 8, 576654. doi:10.3389/fcell.2020.576654
 Karthik, N., and Taneja, R. (2021). Histone variants in skeletal myogenesis. Epigenetics 16 (3), 243–262. doi:10.1080/15592294.2020.1795606
 Khilji, S., Hamed, M., Chen, J., and Li, Q. (2018). Loci-specific histone acetylation profiles associated with transcriptional coactivator p300 during early myoblast differentiation. Epigenetics 13 (6), 642–654. doi:10.1080/15592294.2018.1489659
 Kim, S. Y., Zhang, X., Schiattarella, G. G., Altamirano, F., Ramos, T. A. R., French, K. M., et al. (2020). Epigenetic reader BRD4 (Bromodomain-Containing protein 4) governs nucleus-encoded mitochondrial transcriptome to regulate cardiac function.Circulation 142 (24), 2356–2370. doi:10.1161/CIRCULATIONAHA.120.047239
 Korb, E., Herre, M., Zucker-Scharff, I., Darnell, R. B., and Allis, C. D. (2015). BET protein Brd4 activates transcription in neurons and BET inhibitor Jq1 blocks memory in mice. Nat. Neurosci. 18 (10), 1464–1473. doi:10.1038/nn.4095
 Lee, J. E., Park, Y. K., Park, S., Jang, Y., Waring, N., Dey, A., et al. (2017). Brd4 binds to active enhancers to control cell identity gene induction in adipogenesis and myogenesis. Nat. Commun. 8 (1), 2217. doi:10.1038/s41467-017-02403-5
 Lin, C. H., Kuo, J. C., Li, D., Koenig, A. B., Pan, A., Yan, P., et al. (2022). AZD5153, a bivalent BRD4 inhibitor, suppresses hepatocarcinogenesis by altering BRD4 chromosomal landscape and modulating the transcriptome of HCC cells. Front. Cell Dev. Biol. 10, 853652. doi:10.3389/fcell.2022.853652
 Ling, B. M., Bharathy, N., Chung, T. K., Kok, W. K., Li, S., Tan, Y. H., et al. (2012). Lysine methyltransferase G9a methylates the transcription factor MyoD and regulates skeletal muscle differentiation. Proc. Natl. Acad. Sci. U. S. A. 109 (3), 841–846. doi:10.1073/pnas.1111628109
 Liu, W., Stein, P., Cheng, X., Yang, W., Shao, N. Y., Morrisey, E. E., et al. (2014). BRD4 regulates Nanog expression in mouse embryonic stem cells and preimplantation embryos. Cell Death Differ. 21 (12), 1950–1960. doi:10.1038/cdd.2014.124
 Lu, B., Tigchelaar, W., Ruifrok, W. P., van Gilst, W. H., de Boer, R. A., and Sillje, H. H. (2012). DHRS7c, a novel cardiomyocyte-expressed gene that is down-regulated by adrenergic stimulation and in heart failure. Eur. J. Heart Fail. 14 (1), 5–13. doi:10.1093/eurjhf/hfr152
 Mal, A. K. (2006). Histone methyltransferase Suv39h1 represses MyoD-stimulated myogenic differentiation. EMBO J. 25 (14), 3323–3334. doi:10.1038/sj.emboj.7601229
 Nguyen, D. X., Baglia, L. A., Huang, S. M., Baker, C. M., and McCance, D. J. (2004). Acetylation regulates the differentiation-specific functions of the retinoblastoma protein. EMBO J. 23 (7), 1609–1618. doi:10.1038/sj.emboj.7600176
 Ohno, H., Shinoda, K., Ohyama, K., Sharp, L. Z., and Kajimura, S. (2013). EHMT1 controls Brown adipose cell fate and thermogenesis through the PRDM16 complex. Nature 504 (7478), 163–167. doi:10.1038/nature12652
 Pal, A., Leung, J. Y., Ang, G. C. K., Rao, V. K., Pignata, L., Lim, H. J., et al. (2020). EHMT2 epigenetically suppresses Wnt signaling and is a potential target in embryonal rhabdomyosarcoma. Elife 9, e57683. doi:10.7554/eLife.57683
 Paradise, C. R., Galvan, M. L., Pichurin, O., Jerez, S., Kubrova, E., Dehghani, S. S., et al. (2022). Brd4 is required for chondrocyte differentiation and endochondral ossification. Bone 154, 116234. doi:10.1016/j.bone.2021.116234
 Polesskaya, A., Naguibneva, I., Fritsch, L., Duquet, A., Ait-Si-Ali, S., Robin, P., et al. (2001). CBP/p300 and muscle differentiation: No HAT, no muscle. EMBO J. 20 (23), 6816–6825. doi:10.1093/emboj/20.23.6816
 Proserpio, V., Fittipaldi, R., Ryall, J. G., Sartorelli, V., and Caretti, G. (2013). The methyltransferase SMYD3 mediates the recruitment of transcriptional cofactors at the myostatin and c-Met genes and regulates skeletal muscle atrophy. Genes Dev. 27 (11), 1299–1312. doi:10.1101/gad.217240.113
 Puri, P. L., Sartorelli, V., Yang, X. J., Hamamori, Y., Ogryzko, V. V., Howard, B. H., et al. (1997). Differential roles of p300 and PCAF acetyltransferases in muscle differentiation. Mol. Cell 1 (1), 35–45. doi:10.1016/s1097-2765(00)80005-2
 Rao, V. K., Ow, J. R., Shankar, S. R., Bharathy, N., Manikandan, J., Wang, Y., et al. (2016). G9a promotes proliferation and inhibits cell cycle exit during myogenic differentiation. Nucleic Acids Res. 44 (17), 8129–8143. doi:10.1093/nar/gkw483
 Roberts, T. C., Etxaniz, U., Dall'Agnese, A., Wu, S. Y., Chiang, C. M., Brennan, P. E., et al. (2017). BRD3 and BRD4 BET bromodomain proteins differentially regulate skeletal myogenesis. Sci. Rep. 7 (1), 6153. doi:10.1038/s41598-017-06483-7
 Robinson, D. C. L., and Dilworth, F. J. (2018). Epigenetic regulation of adult myogenesis. Curr. Top. Dev. Biol. 126, 235–284. doi:10.1016/bs.ctdb.2017.08.002
 Roth, J. F., Shikama, N., Henzen, C., Desbaillets, I., Lutz, W., Marino, S., et al. (2003). Differential role of p300 and CBP acetyltransferase during myogenesis: p300 acts upstream of MyoD and Myf5. EMBO J. 22 (19), 5186–5196. doi:10.1093/emboj/cdg473
 Saccone, V., and Puri, P. L. (2010). Epigenetic regulation of skeletal myogenesis. Organogenesis 6 (1), 48–53. doi:10.4161/org.6.1.11293
 Sakamaki, J. I., and Ryan, K. M. (2017). Transcriptional regulation of autophagy and lysosomal function by bromodomain protein BRD4. Autophagy 13 (11), 2006–2007. doi:10.1080/15548627.2017.1364822
 Sakamaki, J. I., Wilkinson, S., Hahn, M., Tasdemir, N., O'Prey, J., Clark, W., et al. (2017). Bromodomain protein BRD4 is a transcriptional repressor of autophagy and lysosomal function. Mol. Cell 66 (4), 517–532. doi:10.1016/j.molcel.2017.04.027
 Sartorelli, V., and Caretti, G. (2005). Mechanisms underlying the transcriptional regulation of skeletal myogenesis. Curr. Opin. Genet. Dev. 15 (5), 528–535. doi:10.1016/j.gde.2005.04.015
 Segatto, M., Fittipaldi, R., Pin, F., Sartori, R., Dae Ko, K., Zare, H., et al. (2017). Epigenetic targeting of bromodomain protein BRD4 counteracts cancer cachexia and prolongs survival. Nat. Commun. 8 (1), 1707. doi:10.1038/s41467-017-01645-7
 Segatto, M., Szokoll, R., Fittipaldi, R., Bottino, C., Nevi, L., Mamchaoui, K., et al. (2020). BETs inhibition attenuates oxidative stress and preserves muscle integrity in Duchenne muscular dystrophy. Nat. Commun. 11 (1), 6108. doi:10.1038/s41467-020-19839-x
 Segovia, C., San Jose-Eneriz, E., Munera-Maravilla, E., Martinez-Fernandez, M., Garate, L., Miranda, E., et al. (2019). Inhibition of a G9a/DNMT network triggers immune-mediated bladder cancer regression. Nat. Med. 25 (7), 1073–1081. doi:10.1038/s41591-019-0499-y
 Shi, J., and Vakoc, C. R. (2014). The mechanisms behind the therapeutic activity of BET bromodomain inhibition. Mol. Cell 54 (5), 728–736. doi:10.1016/j.molcel.2014.05.016
 Shi, Y., Shen, H. M., Gopalakrishnan, V., and Gordon, N. (2021). Epigenetic regulation of autophagy beyond the cytoplasm: A review. Front. Cell Dev. Biol. 9, 675599. doi:10.3389/fcell.2021.675599
 Sincennes, M. C., Brun, C. E., and Rudnicki, M. A. (2016). Concise review: Epigenetic regulation of myogenesis in health and disease. Stem Cells Transl. Med. 5 (3), 282–290. doi:10.5966/sctm.2015-0266
 Souza, B. K., Freire, N. H., Jaeger, M., de Farias, C. B., Brunetto, A. L., Brunetto, A. T., et al. (2021). EHMT2/G9a as an epigenetic target in pediatric and adult brain tumors. Int. J. Mol. Sci. 22 (20), 11292. doi:10.3390/ijms222011292
 Srinivasan, S., Shankar, S. R., Wang, Y., and Taneja, R. (2019). SUMOylation of G9a regulates its function as an activator of myoblast proliferation. Cell Death Dis. 10 (3), 250. doi:10.1038/s41419-019-1465-9
 Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102 (43), 15545–15550. doi:10.1073/pnas.0506580102
 Suganuma, T., and Workman, J. L. (2008). Crosstalk among histone modifications. Cell 135 (4), 604–607. doi:10.1016/j.cell.2008.10.036
 Sun, H., Li, L., Vercherat, C., Gulbagci, N. T., Acharjee, S., Li, J., et al. (2007). Stra13 regulates satellite cell activation by antagonizing Notch signaling. J. Cell Biol. 177 (4), 647–657. doi:10.1083/jcb.200609007
 Tabaglio, T., Low, D. H., Teo, W. K. L., Goy, P. A., Cywoniuk, P., Wollmann, H., et al. (2018). MBNL1 alternative splicing isoforms play opposing roles in cancer. Life Sci. Alliance 1 (5), e201800157. doi:10.26508/lsa.201800157
 Tan, Y. F., Wang, M., Chen, Z. Y., Wang, L., and Liu, X. H. (2020). Inhibition of BRD4 prevents proliferation and epithelial-mesenchymal transition in renal cell carcinoma via NLRP3 inflammasome-induced pyroptosis. Cell Death Dis. 11 (4), 239. doi:10.1038/s41419-020-2431-2
 Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012). Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 7 (3), 562–578. doi:10.1038/nprot.2012.016
 Treves, S., Thurnheer, R., Mosca, B., Vukcevic, M., Bergamelli, L., Voltan, R., et al. (2012). SRP-35, a newly identified protein of the skeletal muscle sarcoplasmic reticulum, is a retinol dehydrogenase. Biochem. J. 441 (2), 731–741. doi:10.1042/BJ20111457
 Wang, Y., Rao, V. K., Kok, W. K., Roy, D. N., Sethi, S., Ling, B. M., et al. (2012). SUMO modification of Stra13 is required for repression of cyclin D1 expression and cellular growth arrest. PLoS One 7 (8), e43137. doi:10.1371/journal.pone.0043137
 White, M. E., Fenger, J. M., and Carson, W. E. (2019). Emerging roles of and therapeutic strategies targeting BRD4 in cancer. Cell. Immunol. 337, 48–53. doi:10.1016/j.cellimm.2019.02.001
 Wu, S. Y., and Chiang, C. M. (2007). The double bromodomain-containing chromatin adaptor Brd4 and transcriptional regulation. J. Biol. Chem. 282 (18), 13141–13145. doi:10.1074/jbc.R700001200
 Wu, S. Y., Lee, A. Y., Lai, H. T., Zhang, H., and Chiang, C. M. (2013). Phospho switch triggers Brd4 chromatin binding and activator recruitment for gene-specific targeting. Mol. Cell 49 (5), 843–857. doi:10.1016/j.molcel.2012.12.006
 Wu, T., Pinto, H. B., Kamikawa, Y. F., and Donohoe, M. E. (2015). The BET family member BRD4 interacts with OCT4 and regulates pluripotency gene expression. Stem Cell Rep. 4 (3), 390–403. doi:10.1016/j.stemcr.2015.01.012
 Yang, Z., He, N., and Zhou, Q. (2008). Brd4 recruits P-TEFb to chromosomes at late mitosis to promote G1 gene expression and cell cycle progression. Mol. Cell. Biol. 28 (3), 967–976. doi:10.1128/MCB.01020-07
 Yang, Z., Yik, J. H., Chen, R., He, N., Jang, M. K., Ozato, K., et al. (2005). Recruitment of P-TEFb for stimulation of transcriptional elongation by the bromodomain protein Brd4. Mol. Cell 19 (4), 535–545. doi:10.1016/j.molcel.2005.06.029
 Zhang, C. L., McKinsey, T. A., and Olson, E. N. (2002). Association of class II histone deacetylases with heterochromatin protein 1: Potential role for histone methylation in control of muscle differentiation. Mol. Cell. Biol. 22 (20), 7302–7312. doi:10.1128/mcb.22.20.7302-7312.2002
 Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-019-09234-6
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yang, Das, Shankar, Goy, Guccione and Taneja. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-978931-g005.gif





OPS/images/fcell-10-978931-g003.gif





OPS/images/fcell-10-978931-g004.gif
j B BL L
M BAEL






OPS/xhtml/nav.xhtml
Contents

		Cover

		An interplay between BRD4 and G9a regulates skeletal myogenesis		Introduction

		Materials and methods		Cell culture, differentiation and proliferation assays

		Quantitative RT-PCR

		siRNA knockdown, plasmids, and retroviral infection

		Immunoblotting

		Immunostaining of mouse embryo sections

		Chromatin immunoprecipitation

		RNA-seq and data analysis

		Statistical analysis





		Results		Bromodomain-containing protein 4 expression declines during muscle differentiation

		Loss or inhibition of bromodomain-containing protein 4 reduces muscle cell proliferation and differentiation

		Gene expression analysis in bromodomain-containing protein 4-depleted cells

		Bromodomain-containing protein 4 directly regulates myogenic genes

		Bromodomain-containing protein 4 function in myogenesis is antagonized by G9a





		Discussion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-978931-g001.gif





OPS/images/fcell-10-978931-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





